ABSTRACT
INTRODUCTION
In a metabolic-and oxygen-constrained environment, the cardiac output (CO) of the fetus is altered to preferentially perfuse the brain 1 , myocardium, adrenal glands and other vital organs. Preferential cerebral perfusion occurs as a consequence of changes in CO as well as those mediated by chemoreceptors [2] [3] [4] . The net result is a decrease in cerebral vascular resistance including a decline in the middle cerebral artery (MCA) pulsatility index (PI) as well as the cerebroplacental ratio (CPR) 5 . A low CPR at term is associated with a range of adverse perinatal outcomes including intrapartum fetal compromise (IFC), acidosis, neonatal unit admission and stillbirth [6] [7] [8] . In addition, it is postulated to reflect suboptimal intrauterine growth at term 9, 10 . There is also emerging evidence [11] [12] [13] [14] [15] [16] [17] [18] [19] that fetal cardiac function is impaired in growth-restricted fetuses as well as in appropriately grown term fetuses that develop intrapartum compromise (fetal distress) 20 . Given the plethora of cardiovascular and cerebrovascular hemodynamic changes that occur as a consequence of suboptimal placental function, the relationship between fetoplacental Doppler indices and cardiac function has not yet been elucidated fully, particularly in a term, non-small-for-gestational-age (SGA) cohort. Thus, the aims of this study were to ascertain if there is a correlation between fetoplacental Doppler indices and measurement of cardiac function, and to attempt to quantify the magnitude of this relationship in term low-risk fetuses and in fetuses requiring emergency operative birth for IFC.
METHODS
This was a prospective cohort study conducted between March 2015 and August 2016 at the Mater Mother's Hospital, Brisbane, Australia. Women between 18 and 40 years of age with a singleton, uncomplicated, appropriately grown pregnancy who were planning a vaginal birth were invited to participate in the study. Exclusion criteria were known fetal growth restriction or fetal malformations and maternal age > 40 years. This study was part of a larger study evaluating the relationship between prelabor cardiac function and IFC. Written informed consent was obtained at enrollment from all women. Ethical and governance approvals were granted by the relevant committees prior to recruitment (Ref no: HREC/13/MHS/173).
Participants underwent fortnightly ultrasound assessment from 36 weeks' gestation until delivery. Pregnancies were dated according to the crown-rump length measurement on first-trimester ultrasound. Each research visit involved an ultrasound assessment of fetal biometry (biparietal diameter, head circumference, abdominal circumference and femur length) to calculate the estimated fetal weight (EFW) according to Hadlock's formula 21 . The umbilical artery PI (UA-PI) and umbilical vein (UV) time-averaged maximum velocity (TAmax) were recorded from a free-floating section of the umbilical cord away from its insertion with the placenta or the fetus. The MCA-PI was obtained from the proximal third of the vessel, taking care to avoid excessive transducer compression of the fetal head. Maternal uterine artery PI (UtA-PI) was measured within 1 cm of the crossing of the uterine artery with the external iliac artery. All ultrasound measurements (biometry and spectral Doppler) were performed in triplicate during fetal quiescence and the average values were recorded. CPR was calculated as the ratio of MCA-PI to the UA-PI, as described previously 22 . The UV flow rate (mL/min/kg) was calculated using TAmax and vessel diameter according to the formula 23 : UV flow rate (mL/min/kg) = velocity (cm/s) × 0.3 × cross-sectional area (mm 2 )/EFW. For UV vessel diameter assessment, the inner diameter of the UV was measured in triplicate and the average measurement was recorded. The reported UtA-PI is the average PI of the right and left uterine arteries 24 . All Doppler measurements were acquired during periods of fetal quiescence, with the angle of insonation maintained at ≤15
• and the wall filter set at 70 Hz.
Fetal cardiac function assessment included CO and myocardial deformation analysis (strain and strain rate). Image acquisitions for CO calculations were performed by evaluating the aortic outflow tract on a long axis of the left ventricle (LV) with the aorta in continuity with the interventricular septum, as described previously 25, 26 . The pulmonary artery was evaluated in either a short-or long-axis view of the right ventricle (RV). The Doppler sample gate (gate size set at 2-3 mm) was placed at the level of the appropriate valve, distal to the valve to obtain the relevant waveform. The inner diameters of both outflow tracts were also measured at this level in triplicate and mean values were calculated. Velocity waveforms of three representative heart cycles were traced manually to obtain the time-velocity integral (TVI) and fetal heart rate (HR). All cardiac measurements were obtained during fetal quiescence, when the fetal HR was within the normal range (i.e. 120-160 bpm), as it is known that fetal breathing movements and tachycardia can increase the velocity in the outflow tracts.
The LV and RV stroke volume (SV) were calculated using the following formula: SV (mL) = π × r 2 × TVI, where (r) is the valve radius of the LV or RV, calculated as valve diameter/2. CO was calculated using the formula: CO (mL/min) = SV × HR.
CO for both ventricles was also corrected for fetal weight (CO/EFW; mL/min/kg). The ratio of the left to right ventricular CO (LVCO/RVCO) was then calculated using the corrected values.
Image acquisition for myocardial deformation analysis using velocity vector imaging (VVI) was performed using a strict protocol and as described previously 27, 28 . First, a two-dimensional (2D) grayscale videoclip (minimum of three clips for three to eight cardiac cycles) of an apical or basal four-chamber view of the fetal heart was obtained. For each videoclip recording, the highest frame rate possible (> 78 frames/s) was used, and care was taken to ensure that the ventricular images were obtained with optimal contrast between the endocardium and ventricular cavity. Recordings were obtained during maternal breath holding and in the absence of fetal breathing movements in order to minimize non-cardiac movement and optimize speckle tracing ability. For each videoclip obtained, 3 s (approximately eight cardiac cycles) of non-compressed data were saved in cine-loop format for analysis.
Global and regional myocardial strain and strain rates were measured from the stored 2D cine-loops using the Syngo VVI™ software (Axius, Siemens Medical Solutions USA, Inc., Mountain View, CA, USA) in accordance with the standardized protocol 27, 28 . As the fetal HR could not be displayed continuously because of the absence of a real-time fetal electrocardiogram (ECG), a superimposed manual M-mode tracing of the right or left ventricular wall motion was used (as a surrogate for the fetal ECG R-wave) to define the cardiac cycle. Using a still frame, on which the endocardial/blood interface was best visualized (usually mid-systole), the endocardial border of the right or left ventricle was traced manually, starting and ending just below the tricuspid or mitral valve annulus. Defining annuli and border position data are necessary components of the VVI algorithm. Images of the RV and LV were analyzed simultaneously from the same videoclip. Strain and strain rate were then calculated automatically by the VVI software package. Twenty-two velocity vectors were calculated for each frame of the cardiac cycle to measure the deformation of the endocardium (strain), displayed as a percentage, and rate of deformation of the endocardium (strain rate), displayed as a change in length per second (1/s). The strain and strain rate were then displayed automatically in a six-segment model for the RV and LV in addition to the global longitudinal systolic stain and strain rate.
The LV myocardial performance index (LV-MPI) was measured in triplicate, as previously described 29 . Briefly, a cross-sectional view of the fetal thorax was obtained with an apical projection of the heart showing an optimal four-chamber view. The Doppler gate (2-4 mm) was then placed to include both the lateral wall of the ascending aorta and the mitral valve with the clicks corresponding to the opening and closing of the valves. The gain was optimized so that the valve clicks were visualized clearly and appeared more echogenic compared to the E-wave (myocardial relaxation), A-wave (atrial contraction during ventricular filling) or aortic waveforms. In addition, the wall filter was set at 300 Hz, Doppler sweep velocity kept at 5-10 cm/s and angle of insonation maintained at <15
• . The E/A ratio and the aortic waveforms remained visible at all times during the examination, and the clearest three valve clicks and waveforms were measured and averaged. The isovolumetric contraction time (ICT), isovolumetric relaxation time (IRT) and the ejection time (ET) were then measured. The LV-MPI was calculated using the formula (ICT + IRT)/ET and the mean value of three different measurements was used for further analysis. We did not assess the RV-MPI because of the difficulty in obtaining simultaneously both the tricuspid and pulmonary valve clicks in a single plane given the late gestation. Indeed, this limitation has been described previously by other investigators 30, 31 . All ultrasound and fetal echocardiographic measurements were performed by a single operator (A.A.A.), except for measurements in 20 consecutive cases which were performed by a second operator (L.N.B.) and a second time by the first operator, with an interval of 30 min between initial and repeat assessments, in order to assess inter-and intraobserver variation.
All reported measurements are those obtained at the last ultrasound scan prior to birth (i.e. within 2 weeks of delivery). Both women and obstetric caregivers were blinded to the ultrasound findings. The only exceptions for disclosing ultrasound findings were malpresentation, severe oligohydramnios (deepest pool < 1 cm) or absent or reversed flow in the umbilical artery as these findings would influence immediate obstetric management. Labor and delivery were managed according to local protocols and guidelines.
Statistical analysis
Normally distributed data are reported as mean ± SD, while non-normally distributed data are reported as median and interquartile range (IQR). Maternal and infant characteristics were compared using the chi-square or Fisher's exact test for frequencies, and Student's t-test or Wilcoxon rank-sum test (MannWhitney U-test) for normally distributed or non-normally distributed continuous variables, respectively.
Gestational age-related reference centiles and Z-scores for the cardiac function and fetoplacental Doppler variables were derived from a subgroup of study subjects with uncomplicated pregnancy. Altman's method was used to adjust for the normal decrease and change in standard deviation in the cardiac variables and fetoplacental Doppler variables from the 36 th gestational week to term 32 . Over this period the change in the Correlations between the cardiac and fetoplacental Doppler variables were assessed using Pearson's correlation (r) for normally distributed data and Spearman's correlation (rho) for non-normally distributed data. The coefficient of variation was calculated according to the root mean square method 33 . All tests were two-tailed and the significance level for all analyses was set at P ≤ 0.05. Statistical analysis was performed using Stata ® software (version 13.0) for Windows (StataCorp LP, College Station, TX, USA). This study was conducted in accordance with the STROBE guidelines.
RESULTS
The study cohort comprised 273 women (Figure 1 ultrasound assessment was 38.6 (IQR, 37.9-39.9) weeks and the median interval between assessment and birth was 8.0 (IQR, 5-12) days. The intra-and interobserver coefficients of variation for measurement of fetal cardiac function parameters and CPR are provided in Table 2 . Correlation between cardiac function measurements and fetoplacental Doppler indices are presented in ) and those without ( ) intrapartum fetal compromise. Table 3 and Figure 2 . The CPR was correlated positively with the LVCO (P < 0.001, rho = 0.29), LVCO/RVCO (P < 0.001, rho = 0.41), and global LV (P < 0.01, rho = 0.17) and RV (P < 0.001, rho = 0.22) strain as well as with the EFW centile (P < 0.001, rho = 0.25).
However, the CPR was correlated negatively with LV-MPI (P < 0.01, rho = −0.18) and the RVCO (P < 0.001, rho = −0.28). The MCA-PI was also correlated positively with the LVCO (P < 0.001, r = 0.38), LVCO/RVCO (P < 0.001, The UV flow was positively correlated with both global LV strain (P < 0.001, rho = 0.25) and LV strain rate (P < 0.001, rho = 0.25) as well as with RV strain (P < 0.01, rho = 0.18) and strain rate (P = 0.01, rho = 0.18). In contrast, there was either minimal or no correlation between the mean UtA-PI and UA-PI and any cardiac indices (Table 3) .
Correlation parameters between cardiac function and fetoplacental Doppler indices in fetuses which required emergency operative delivery for IFC are presented in Table 4 and Figure 2 . The CPR was correlated positively with the LVCO (P < 0.001, rho = 0.42), LVCO/RVCO (P = 0.04, rho = 0.28) and global LV (P = 0.04, rho = 0.27) and RV (P = 0.09, rho = 0.21) strain (Figure 2 ). The UV flow was correlated positively with both global LV strain (P = 0.03, rho = 0.31) and strain rate (P = 0.01, rho = 0.34). In contrast, there was either minimal or no correlation between the mean UA-PI, MCA-PI and UtA-PI with any cardiac indices in fetuses which developed IFC (Table 4) .
DISCUSSION
The results of this study demonstrate that fetoplacental Doppler parameters of fetal growth such as the CPR are correlated positively with both systolic and diastolic cardiac function indices such as LVCO, LV and RV strain and strain rate and mitral valve E/A ratio. Not surprisingly, the CPR was also correlated positively with the EFW centile. There was a significant positive correlation between the MCA-PI and the LVCO which is biologically plausible, as echocardiographic studies of hypoxic fetuses have shown that, concurrent to increased cerebral blood flow (e.g. low MCA-PI), there is a shift of CO in favor of the LV 3, 4 . However, as fetal oxygenation decreases, such protective systems become overloaded, mediated by a reduction in CO 2 . Cerebral redistribution and vasodilation leads to a reduction in LV afterload, whereas arterial vasoconstriction of the lower body vasculature increases RV afterload 34, 35 . This is also consistent with our findings of an inverse correlation of MCA-PI and CPR with the RVCO.
Several fetal echocardiography studies have shown that elevated MPI values are a marker of global cardiac dysfunction 13, 36 . Similarly, lower global ventricular strain is also reflective of cardiac dysfunction as seen in some growth-restricted fetuses 12, 37 . Our findings of an inverse correlation between the LV-MPI and CPR, and a positive correlation between global ventricular strain and CPR, were likely due to longer relaxation time seen in fetuses with suboptimal growth which tend to have a low CPR. Furthermore, reduced strain values (RV and LV strain) were also correlated with a lower CPR and MCA-PI consistent with the fetal adaptive response to suboptimal placentation in order to facilitate the increased perfusion of oxygenated blood towards vital organs. As strain measurements reflect the mechanics of myocardial movement and function of the fetal heart, the findings of their positive correlation with CPR and MCA-PI suggest the presence of subtle cardiac impairment when cerebral redistribution occurs. However, we cannot be certain from the results of this study as to the contribution of cardiac dysfunction to cerebral redistribution in pathological settings such as fetal growth restriction or IFC where placental insufficiency is implicated. We have, however, shown previously that prelabor cardiac function is impaired in appropriately grown term fetuses which require emergency operative birth for IFC 20, 38 . The findings of this study extend our understanding of fetal physiology at term, providing insights to further evaluate fetal cardiac function in conjunction with CPR, particularly in term SGA/growth-restricted fetuses, but clearly further research is warranted.
Although our findings suggest correlation between some fetoplacental Doppler and cardiac indices, the correlation coefficients (r and rho) suggest that these correlations are modest and range from very weak to moderate at best, and thus may not be reflective of a cause-and-effect relationship. One reason for this may be the fact that the fetuses in this study would not be considered either SGA or growth restricted and thus any fetoplacental Doppler aberrations are going to be minimal. In addition, our findings suggest that whilst the CPR and some cardiac function indices (LVCO, LV-MPI, LV and RV strain and strain rate) are correlated, only about 17% (R 2 = 0.17) of the CPR can be explained by changes in these cardiac indices. We also acknowledge the limitations of wider application of assessment of cardiac function beyond tertiary centers and research studies, as advanced sonographic skills are required. Furthermore, while in our hands all cardiac and fetoplacental Doppler parameters were consistently obtained in > 97% of cases, this was in the context of a research study with a relatively small number of participants. This is the first prospective study to demonstrate the correlation of several fetal cardiac function parameters with fetoplacental Doppler indices in term, appropriately grown fetuses. In conclusion, our findings suggest that the correlations between cardiac function and fetoplacental Doppler variables described previously in growth-restricted fetuses 14, 19, 39, 40 are also present in a term non-SGA cohort, albeit they are much weaker.
